The mechanism and kinetics of copper nanoparticles oxidation at low temperature were investigated using thermogravimetry (TGA), differential scanning calorimetry (DSC), X-Ray diffraction (XRD) and transmission electron microscopy (TEM). Isothermal and isobaric studies of the oxidation reaction were carried out at various temperatures. It was found that working under an oxygen partial pressure of 1kPa in the temperature range 125 -145°C leads to reaction where nucleation of the oxide phase is in competition with its growth. The study of the dependency of the growth rate on the oxygen partial pressure under 10 kPa has shown the adsorption of oxygen at the surface of the oxide to be the rate-determining step. A mechanism and a kinetic model have been established to interpret the experimental curves.
Introduction
Nowadays, the low temperature oxidation of copper is no longer only seen as a degradation phenomenon to be avoided; it can also be regarded as an innovative reaction to be exploited. The low temperature oxidation of copper nanoparticles as a new route for synthesis of hollow nanoparticles belongs to one of a new generation of reactions that are increasingly studied [1] . Hollow nanoparticles and nanotubes with interior cylindrical or spherical pores have attracted a particular attention thanks to their potential application as new functional materials in catalysis, sensors or fillers [2, 3] . However, most studies deal with the characterization of the morphological changes of the particles during the processing as well as with the nature of the oxide phase being formed and the stability of the hollow structure [4] .
In contrast, at our best knowledge, except the study performed by Yabouki and Tanaka [5] neither kinetic modeling nor mechanistic study of such reactions were reported up to now. On the other hand, it is worth noticing that most studies devoted to the investigation of the mechanism and kinetics of low temperature oxidation of copper were carried out using thin plates and not nanoparticles powders [6] [7] [8] [9] . Moreover, there is no agreement between authors on the mechanism and the kinetic law. Below 300°C, adsorption of oxygen [10] , bulk diffusion of copper ions due to a gradient of chemical potential [11] or under the effect of an electrical field within the oxide layer [12] as well as grain boundary diffusion [11] were proposed as possible rate-determining step. Inverse logarithmic rate law [13] , power rate low [7] , logarithmic and parabolic rate laws [14] were reported. Yabouki and Tanaka [5] have studied the oxidation of copper nanoparticles at 150°C-300°C in a 20% oxygen-nitrogen atmosphere, the rate law was found to be linear in the beginning of the oxidation before turning to a parabolic one. The nature of the oxide product strongly depends of the temperature and the duration of the oxidative treatment; either Cu 2 O or CuO as well as a mixed oxide layer could be formed [7, 9, 15] . Most of the studies consider an instantaneous nucleation of the new oxide phase and assume that the reaction is governed by the growth process only. However, Lustman [16] and Khayati [17] observed sigmoidal kinetic curves thereby indicating an oxidation reaction in which both growth and nucleation processes should be considered to explain the data.
The purpose of the present work is to study the kinetics of the oxidation of copper nanospheres into hollow cuprous oxide nanospheres (Cu + ¼ O 2 = ½ Cu 2 O) at low temperature and pressure and to give a deeper understanding of the related mechanisms.
Experimental Procedure

Material
The starting material is a nano-sized powder with a purity of 99.9% (0.1% of Ag, Ca and Si impurities) provided by MTI corporation. It consisted of spherical particles with a mean particle size of 45 nm. X-ray diffraction (XRD) analysis of the powder (Siemens / Bruker D-5000, Cu K α ) revealed the presence of a native layer of cuprous oxide. Hence, it was decided to systematically operate a reduction step prior to the oxidation experiments to obtain a fresh copper surface presenting the same state for all experiments and thus a correct calculation of the extent of conversion of Cu into Cu 2 O. The complete removal of cuprous oxide native layer was verified by XRD analysis of the powder just after the reduction treatment.
Oxidation experiments
The oxidation experiments were carried out using a symmetrical balance Setaram TAG 16. The reacting oxidative gas mixture consisted of oxygen in helium. The oxygen partial pressure was fixed thanks to mass flow controllers (Brooks B.V) and measured due to hal-00873125, version 1 -15 Oct 2013 an oxygen sensor (Systech Instruments Série 900) installed at the outlet of the furnace. The oxygen sensor also enables the estimation of the time needed to reach the desired oxygen partial pressure since the time of injection of oxygen into the reactive gas mixture; this time was estimated equal to 3 minutes. For each experiment about 8 mg of copper powder were loaded in a quartz crucible forming a thin bed of about 1 mm thick so that we can consider fast mass and heat transfer at the bed scale. Hence it is possible to consider that all particles were in the same conditions of temperature and oxygen partial pressure. After vacuum up to 1 Pa, a reduction step was performed during 45 minutes at 200°C under helium-hydrogen mixture (95%-5%) at a flow rate equal to 2 L h -1 , then the temperature was decreased to 20°C
and vacuum was made again in order to evacuate the reductive gas mixture. After that, the sample was heated to the targeted temperature of oxidation under a flow rate of helium equal to 4 L h -1 . Oxygen was then introduced while lowering the helium flow rate to keep a total flow rate of oxidizing mixture (He + O 2 ) equal to 2 L h -1 . This procedure was used to perform all the experiments under isobaric and isothermal conditions with an oxygen partial pressure ranging from 1 kPa to 4 kPa and various temperatures ranging from 125 to 145°C. In addition, in order to verify the steady-state assumption, a SETARAM TG-DSC 111 device was used to perform simultaneous calorimetry and thermogravimetry under a flow mixture of oxygen and helium (2L h -1 ).
3. Characterization of the powder
The powder was characterized by means of a scanning electron microscope (SEM) JEOL JSM 6400; the agglomerates size distribution was evaluated by means of a laser granulometer Mastersizer 2000. The morphological changes along the reaction at the particle level were studied by transmission electron microscope (TEM) using a Philips CM 2000 apparatus; the agglomerates were first desegregated by an ultrasound treatment for 5 minutes in methanol. The nature of the oxide phase being produced by the oxidation reaction was identified by XRD analysis. The specific surface area of the powder was estimated according to the BET method (Brunauer, Emmet and Teller) by analysis of the adsorption isotherm of nitrogen at 77 K using a Micromeritics ASAP 2000 apparatus.
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Results and discussion
Characterization results
The oxidized copper powder was analyzed by XRD after various oxidation experiments conducted under diverse temperatures (125-145°C) and oxygen partial pressures
(1-4 kPa). As shown in Figure 1 which represents the diffractograms obtained by XRD of a copper powder oxidized for 16 h under various temperature and oxygen partial pressure conditions, the cuprous oxide Cu 2 O was found to be the only oxide phase detected. Therefore, we can consider that a single reaction of oxidation of copper occurs according to (R1):
The SEM observation of the copper powder just after the reduction step shows the presence of porous agglomerates (cf. Figure S1 in ESI) whose mean size was around 10 µm The same kinetic curves are plotted in Figure 4 for three additional experiments conducted at a constant temperature of 140°C with diverse fixed oxygen partial pressures (2 kPa, 3 kPa and 4 kPa). One can note that, in contrary to the effect of the temperature, an increase of oxygen partial pressure does not systematically lead to an increase in the rate of reaction whatever the extent of conversion could be. It is worthwhile to mention that all the rate curves of Figures 3 and 4 present a maximum, suggesting that a continuous nucleation process occurs in parallel with the growth process of the cuprous oxide [20] . This last hypothesis will be discussed and verified below by carrying out the so-called f(α) test [21] .
Kinetic modeling
The kinetic model is based on precise information on the mechanism and the nature of the rate-determining step when it exists, as well as on processes of nucleation and growth involved in the transformation. The morphology of the initial solid and its changes along the reaction also contribute to the development of the kinetic model which should combine the chemical and geometrical aspects of the transformation. In this study we aimed to verify first the approximations of the steady state and the existence of a rate-determining step of growth according to experimental tests described elsewhere [22, 23] . This showed that the rate equation followed the general expression of Eq. (4):
where (5) is followed. Therefore, one can conclude that a steady-state assumption was established. The standard enthalpy of reaction obtained from the slope was found to be equal to -81 kJ mol -1 , which is close to that obtained by calculations based on the thermodynamic properties of copper, cuprous oxide and oxygen
given by Thermodata database (-85kJ mol -1 ) [24] .
Assumption on the expression of the kinetic rate equation
Taking into account that the amount of cuprous oxide produced by nucleation can be neglected besides that due to its growth, as well as the fact that steady-state condition is verified, if in addition the growth process is controlled by one of the elementary steps of the growth mechanism, then the rate of reaction can be expressed according to Eq. (4) [25] . In order to validate the rate-determining step assumption and thus the expression given by Eq.
(4), we used the so-called "φS m test" [23] ; it consists of an experiment started at a temperature T b (for a given oxygen partial pressure P b ), then followed by a sudden temperature jump from T b to T a done at a given extent of conversion α j . The jump must be as fast as possible in order to neglect the variation in S m (t) from T b to T a . Applying Eq. (4) to the rates before and after the jump, noted r b and r a , respectively, one obtains:
Such an experiment can be repeated at various α j values, and the ratios r a /r b measured in the whole range of α. If the ratios of r a /r b are found to take the same value whatever α j could be, then it can be concluded that the step controlling the kinetic rate is the same along the whole transformation. The usual kinetic models are based on the steady-state and rate determining step assumptions, however these are rarely verified, although various reasons can be at the origin of deviations such as transport limitations, parallel reactions, cracks, etc …. can clearly notice that for α j less than 0.7 the ratio r a /r b is almost constant (1.76 ± 0.15) while for α j above 0.7 the ratio is no longer constant and continuously decreases. Therefore, we can conclude that the reaction admits a rate-determining step of growth and Eq. (4) is valid until an extent of conversion around 0.7.
"One process" or "two processes" model: f(α) test
As mentioned above, the reaction involves two main processes: the nucleation of Cu 2 O at the surface of the copper particles and its growth. Surface nucleation obviously is considered instead of bulk nucleation since the reaction under study is a gas-solid reaction and it is not possible for the nuclei to appear inside the particle. From a general point of view, two families of models may be distinguished [25] : the "one process models" when one of the both processes is so fast compared to the second one that it can be considered as instantaneous; the "two processes models" correspond to continuous surface nucleation and growth along the reaction. It is possible to decide which kind of model has to be chosen thanks to the "f(α) test" already described in [21] .
When surface nucleation or growth is instantaneous, S m does not depend on the "history" of the reaction, particularly on the temperature and partial pressures profiles before reaching a given extent of conversion, i.e. the knowledge of α determines that of S m . In case of two processes models, it is necessary to take into consideration the rate at which the nuclei appear at the surface which may strongly depend on temperature and partial pressure.
Consequently S m (t) depends on the temperature and pressure conditions in which nuclei have appeared before starting growth, and cannot be estimated from the knowledge of the extent of conversion α and the temperature and partial pressure at this value of α. [21] . In other words, S m (t) may be written using a function of α in the case of the one process models, whereas it cannot in the case of the two processes models. Here Avrami-Erofeev type laws must be discarded for interpreting the experimental data due to surface nucleation and small size of the particles.
In Figure 7 the solid line represents the oxidation rate versus the extent of conversion at 140°C (1 kPa of oxygen), whereas the dotted line describes the oxidation rate for a second experiment carried out first under the same oxygen partial pressure at 130°C up to α around 0.1, then was done a jump in temperature (indicated by a star) from 130°C to 140°C, so that the conditions returned to the same temperature and partial pressure than in the first hal-00873125, version 1 -15 Oct 2013 experiment. After the jump (region II) the areic reactivity of growth φ(T,P) takes the same value for both experiments since it only depends on temperature and oxygen partial pressure.
Therefore, according to Eq. (4) if S m (t) can also be expressed by a function of α (one process model), both curves should be superimposed in region (II); we can clearly see that this is not the case. As a result, we can assert that the kinetics of the reaction followed a two processes model. Moreover, the fact that the rate passes through a maximum as α increases is also in favor of a nucleation and growth process model. Consequently, the calculation of the S m (t) function was done considering the kinetics of appearance of the nuclei and that of their growth.
Identification of the rate-determining step of growth and the expression of φ(T,P(O 2 ))
The identification of the rate-determining step of growth was based on the study of the effect of the oxygen partial pressure on the kinetic rate, more precisely on the areic reactivity of growth φ. We assumed that singly ionized copper vacancies and electron holes are the predominant charged defects [26] involved in the mechanism of growth, in agreement with an outward growth of Cu 2 O. The growth mechanism consists of five elementary steps where "s"
represents an adsorption site and the subscripts "(ext)", "(int)", and "(metal)" denote the localization of species at the external gas-oxide interface, internal metal-oxide interface, and in the metal lattice, respectively:
1) Dissociative adsorption of the oxygen at the cuprous oxide surface. 
The various zones are represented in Figure 8 which schematically describes a partially oxidized copper particle. A linear combination of all these steps leads to the overall reaction balance R1.
It is worth noticing that the outer gas-oxide interface is mobile since it progresses outwards from the initial oxide surface during the transformation while the oxide/metal interface remains at the same place. In addition, as far as the oxide layer thickness increases, voids are formed inside the initial particle due to the annihilation of copper vacancies according to step E5. Considering each of the elementary steps as a possible determining-rate step, while the other steps are at equilibrium, it is possible to calculate the corresponding theoretical expression φ i (k i ,K j ,P( O2 )) where k i is the kinetic constant of step i (D i for a diffusion step) and K j are the equilibrium constants of the other steps j ≠ i. In Appendix A are given the details of the calculation of φ 1 (i. e. if the rate-determining step is the dissociative adsorption of oxygen molecules). The expressions of φ for E1 to E5 are reported in Table 1 . It can be seen that the areic reactivity of growth depends of the oxygen partial pressure, so it was interesting to use the jump method to obtain directly the experimental variations of φ with P(O 2 ) at a given temperature.
Five oxidation experiments were carried out at 140°C. Every experiment was performed under an oxygen partial pressure P 0 of 1 kPa up to an extent of conversion around hal-00873125, version 1 -15 Oct 2013 0.1, and then a jump in oxygen partial pressure was done from P 0 to a targeted pressure P i (P i =3, 5, 6, 7 and 8 kPa). The ratios of the rate measured after the jump r(P i ) to the one measured before the jump r(P 1 ) were thus obtained and according to Eq.(6), they provide the experimental variations in φ with the oxygen partial pressure. Figure 9 shows the experimental data for φ(P i )/φ(P 0 ) vs P i . The data can be fitted with a straight line showing that the reactivity of growth varies linearly with the oxygen partial pressure. Looking at the various calculated expressions of φ listed in Table 1 , it appears that the adsorption step E1 can be considered as the rate-determining step (at 140°C and in the oxygen partial pressure range 1 kPa -8 kPa).
2. Kinetic model and expression of S m (t) function
From the previous sections, it can be settled that: (i) a steady state was established along the course of the reaction, (ii) the rate equation may be decomposed in the product of two terms φ(T,P(O 2 ) and S m (t), (iii) the calculation of S m (t) must involve the kinetics of both nucleation and growth processes, (iv) the rate-determining step of growth is the oxygen adsorption at the Cu 2 O surface, In addition, it was shown due to the φS m test that for α > 0.7, the conclusions (ii) to (iv) are no more valid.
First, in order to calculate S m (t), geometrical considerations were done as regards to the spherical shape of the particles and the outward growth of the oxide phase as previously discussed. Moreover, the continuous layer of cuprous oxide that recovers the initial copper particles (cf. Figure 2) can be considered as an argument in favor of "anisotropic" growth.
This means that the first oxide nucleus appearing at the copper surface develops tangentially to the surface with a very high speed compared to its radial growth. So at the very beginning of the transformation of a given particle, it was assumed that an ultrathin oxide layer of Cu 2 O was present around the particle surface before its expansion due to outward radial growth.
Since the nuclei were appearing at different dates during the time elapsed from 0 to t, the particles in the powder started to be oxidized at different dates t comprised between 0 and t. Then it was necessary to take into account the nucleation kinetics through the areic frequency of nucleation γ(T,P(O 2 )) which is the number of nuclei appearing at the copper hal-00873125, version 1 -15 Oct 2013
surface per meter square and per second. Its value was assumed to only depend on temperature and oxygen partial pressure. In fact, the nucleation process is known to be very sensitive to the presence of defects at the solid surface (crystallographic defects, point defects, adsorbed species, impurities, etc …). It was previously shown from the study of the dehydration of Li 2 SO 4 , H 2 O single crystals, whose nucleation frequency γ took quite different values even when they were placed in same temperature and water vapor pressure conditions [27] . The reason was precisely a great variability of the surface defects, however from a statistical point of view, due to a huge number of particles in a powder sample, the assumption of a nucleation frequency γ representative of the nucleation kinetics was found to be acceptable [28] .
Concerning the kinetics of Cu 2 O growth, once a nucleus appeared at time τ at the surface of the particles, the rate at which this particle will be transformed is proportional to its external surface area, noted s ext (t,τ), since the rate-determining step of growth was found to be an adsorption step. The 
where r 0 is the initial radius of the particles, z is the expansion factor known as the Pilling and
Bedworth ratio (z = V mCu2O /2V mCu with V mCu2O and V mCu : molar volume of Cu 2 O and Cu, respectively).
For the whole powder, we considered the previously published general equation of dα/dt according to (8) [25] :
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where n 0 is the initial amount of copper (moles) and S L (τ) is the amount in surface areas of all the particles not yet nucleated at time τ < t (cf. Figure 10 ). According to [23] , the expression of S L (τ) is given by Eq. (9):
where S L,0 is the initial amount of particles surface areas in the whole powder sample and s 0 is the initial surface of a single particle.
Finally from Equations. (7), (8) and (9), Eq. (10) 
Equation (10) holds as far as t remains lower than the time required to transform one particle, noted t f , which is given according to [20] by:
In fact, when t > t f it is necessary to take into account only the particles being under transformation and to suppress (in a mathematical way) the contribution of the particles already transformed (for which the mathematical value of the rate is not null), which can be traduced by:
Integrating equations (10) and (12), the corresponding extent of conversion α could be obtained as a function of time.
The confrontation of the kinetic model to the experimental data obtained under an oxygen partial pressure of 1 kPa is shown in Figure 11 to be systematically lower than the calculated rate. Indeed, this deviation is not surprising since for α values ranging above 0.7, the φS m test showed that the oxidation kinetics was no more controlled by the same regime than before. Most probably, the slowdown of the reaction was the result of an additional resistance due to the diffusion of gaseous oxygen inside the porosity of the copper agglomerates. Effectively, because of the volumic expansion of the particles due to their outward growth and the value of the expansion factor (z is equal to 1.67), the accessibility of the oxygen molecules to the inner particles was decreasing while the extent of conversion increased. The same behavior has been seen in the case of CO 2 capture by calcium oxide according to: CaO (s) + CO 2(g) = CaCO 3(s) [29] . This interpretation of the kinetic data will be deeply investigated in future work by enlarging the kinetic model to the agglomerate scale by taking into account the gaseous transfer phenomena through the porosity.
Conclusion
A detailed study of the oxidation of copper nanoparticles into cuprous oxide Cu 2 O was done at low temperatures (125 -145°C) and low oxygen partial pressures (1 -8kPa). The experimental data were analyzed using experimental tests to help in the kinetic modeling assumptions, such as those related to the steady-state, the expression of the rate equation, the nucleation and growth processes. Moreover, it could be shown that up to an extent of conversion around 0.7, the rate-determining step of growth was the dissociative adsorption of oxygen molecules at the surface of the oxide layer which recovers the copper particles and that the development of this oxide was outwards. Then a kinetic model involving simultaneous nucleation and anisotropic growth was established and the expression of the extent of conversion was successfully confronted to the kinetic data up to α corresponding to the slowdown of the reaction which was attributed to the diffusion of gaseous molecules through the porosity of the nanoparticles agglomerates. hal-00873125, version 1 -15 Oct 2013
Based on Thermodata [24] database, calculation of the equilibrium oxygen partial pressure for temperatures equal to 125°C and 145°C gave 1.10 -28 Pa and 2.10 -25 Pa respectively. This allows neglecting the ratio P O 2 ,Eq /P O 2 compared to 1, and thus we obtain: 
